Abstract-This research characterized the effects of water quality and organism age on the toxicity of nickel (Ni) to fathead minnows (Pimephales promelas) to facilitate the accurate development of site-specific water-quality criteria. Nickel sulfate hexahydrate (NiSO 4 ·6H 2 O) was used as the Ni source for performing acute toxicity tests (median lethal concentration after 96-h exposure ) with Ͻ1-d-old and 28-d-old P. promelas under varying regimes of hardness, pH, alkalinity, and natural organic matter (NOM). The toxicity of Ni was inversely related to water hardness between hardness values of 20 and 150 mg/L (as CaCO 3 ). Below 30 mg/L alkalinity, Ni toxicity was related to alkalinity. The effect of pH was confounded by hardness and the presence of NOM. In the absence of NOM, the toxicity of Ni increased as pH increased at high hardness and alkalinity. In general, 28-d-old fish were less sensitive than Ͻ1-d-old fish to Ni. This lower sensitivity ranged from 12-fold at low hardness and alkalinity (20 and 4 mg/L, respectively) to 5-fold at high hardness and alkalinity (100 and 400 mg/L, respectively). The presence of NOM (10 mg/ L as dissolved organic carbon [DOC]) reduced Ni toxicity by up to 50%, but this effect appeared to be saturated above DOC at 5 mg/L. Incubating Ni with the NOM solution from 1 to 17 days had no effect on Ni toxicity. When using multivariate analysis, the 96-h LC50 for Ni was a function of fish age, alkalinity, hardness, and NOM (96-h LC50 ϭ Ϫ0.642 ϩ 0.270(fish age) ϩ 0.005(alkalinity) ϩ 0.018(hardness) ϩ 0.138(DOC)). When using this model, we found a strong relationship between measured and predicted 96-h LC50 values (r 2 ϭ 0.94) throughout the treatment water qualities. The biotic ligand model (BLM) did not accurately predict Ni toxicity at high or low levels of alkalinity. Results of our research suggest that the BLM could be improved by considering NiCO 3 to be bioavailable.
INTRODUCTION
Nickel (Ni) has many industrial uses including stainless steel production, electroplating, battery manufacturing, and coin production. Although these applications have provided many benefits, they have resulted in the redistribution of a significant amount of Ni into the environment. According to Nriagu [1] , Ni emission to the atmosphere from anthropogenic sources was about 140 ϫ 10 10 kg, 257 ϫ 10 10 kg, and 415 ϫ 10 10 kg between 1951 and 1960, 1961 and 1970, and 1970 and 1980 , respectively. Ultimately, this Ni falls to the land surface in rainwater and particles.
The toxicity of Ni has been studied in rats and mice [2] [3] [4] . Although the toxicity of Ni to aquatic organisms has been examined [5] [6] [7] [8] , a systematic study on the influence of water quality on Ni toxicity has not been conducted. Recent studies suggest that Ni may be more toxic to larval fathead minnows as pH increases [5] . Data on the influence of alkalinity on the toxicity of Ni are lacking in the literature. Erickson et al. [9] reported that the dissolved copper 96-h median lethal concentration (LC50) for larval fathead minnows decreased with increasing alkalinity. Alkalinity may be important for Ni because the dominant species is NiCO 3 at pH Ͼ 8 [10] . Many studies report that natural organic matter (NOM) influences bioavailability of metals such as copper and silver [9, 11] . Again, no data exist regarding the effect of NOM on Ni toxicity. A review of the literature suggests that organism age influences metal toxicity, but systematic studies on the influence of organism * To whom correspondence may be addressed (sklaine@clemson.edu).
age on Ni toxicity to fathead minnows are lacking [5] [6] [7] 12, 13] . Finally, no research has been reported on the interactive effects of hardness, pH, alkalinity, NOM, and organism age on Ni toxicity. The objective of this research was to determine the effects of hardness, pH, alkalinity, NOM, and fish age individually and in combination on Ni toxicity to fathead minnows.
MATERIALS AND METHODS

Fish culture
The fathead minnow culture was maintained in moderately hard water at the Institute for Environmental Toxicology, Clemson University (Pendleton, SC, USA) according to U.S. Environmental Protection Agency (U.S. EPA) methods [14] . Moderately hard water was prepared by adding reagent-grade salts to deionized water (Super-Q Millipore, Bedford, MA, USA). The culture room was maintained at 25 Ϯ 1ЊC with a photoperiod of 16:8 h light:dark. Fish were fed once daily with frozen brine shrimp (Artemia salina) or Tetramin food (TetraWerke, Melke, Germany). Fathead minnow eggs were incubated in treatment waters without Ni (described below) for hatching. Twenty-eight-day-old fathead minnows were obtained by raising larval fathead minnows in test water in the culture room. They were fed twice daily with newly hatched brine shrimp. Reference toxicity tests for Ͻ1-d-old fathead minnows were conducted monthly with copper sulfate hexahydrate.
Toxicity tests
The 96-h static-renewal tests were conducted according to U.S. EPA methods [14] . All test waters were prepared and A preliminary set of experiments was performed to determine the effect of Ni-dissolvedorganic carbon (DOC) equilibration time on Ni toxicity to Ͻ1-d-old fathead minnows. Results indicated no difference in 96-h LC50 values for equilibration time up to 17 d before introducing fish. Hence, all solutions were equilibrated for 24 h before adding the fish.
Experimental design
All toxicity tests were conducted with five Ni levels and a negative control. Three replicates were used for each treatment level.
The effect of hardness (mg/L, as CaCO 3 ) on the toxicity of Ni to Ͻ1-d-old fathead minnows was investigated by conducting 96-h static-renewal toxicity tests at hardness levels of 20, 50, 100, and 150 mg/L, at constant pH 7.0, and at constant alkalinity of 20 mg/L, as CaCO 3 .
To assess the effect of pH, two sets of 96-h static-renewal toxicity tests with Ͻ1-d-old fathead minnows were conducted under the same hardness and alkalinity and at different pH levels (6) (7) (8) (9) . One set was conducted with hardness and alkalinity of 20 mg/L each; the other was conducted with hardness and alkalinity of 100 mg/L each.
To characterize the effect of alkalinity on Ni toxicity to Ͻ1-d-old fathead minnows, we used two sets of 96-h staticrenewal toxicity tests with pH and hardness levels constant while alkalinity was varied from 3 to 350 mg/L. One set was conducted with hardness of 20 mg/L and the other with hardness of 100 mg/L.
To determine the effect of NOM on Ni toxicity to Ͻ1-dold fathead minnows, we conducted three sets of 96-h staticrenewal toxicity tests with different DOC concentrations (0, 2, 5, and 10 mg/L) under the same hardness, alkalinity, and pH. The first set was conducted with hardness of 20 mg/L, alkalinity of 4 mg/L, and pH 6. The second set was conducted with hardness of 50 mg/L, alkalinity of 20 mg/L, and pH 7. The third set was conducted with hardness of 100 mg/L, alkalinity of 400 mg/L, and pH 9. The organic matter used for this research was isolated from the Black River (Andrews, SC, USA) by a reverse osmosis membrane system with a membrane size of 3.9 ϫ 40 in (S4040, Osmonics, Minnetonka, MN, USA) and spiral-wound cross-flow module.
To examine the effects of fish age on Ni toxicity, three sets of 96-h static-renewal toxicity tests with the same water quality (hardness, alkalinity, pH, and DOC) as the three sets described above were conducted with 28-d-old fathead minnows.
To validate the interactive-effect model developed from the laboratory study, two tests were conducted with low water hardness, alkalinity, and pH with Ͻ1-d-old fathead minnows. One test was conducted with water collected from George Creek (Greenville, SC, USA); the other used laboratory water and matched water quality with the site water.
Water chemistry
Water hardness, pH, alkalinity, and dissolved oxygen were measured at the start and the end of every test in each treatment. Water samples were analyzed for total Ni, dissolved Ni, major anions, major cations, and DOC at the start and the end of each test. All water samples except those for DOC were placed in 15-ml graduated polyproplene tubes and acidified with concentrated HNO 3 
Statistics
Probit or Spearman-Karber methods were used to calculate 96-h LC50 values from the mortality data. Regression (linear, nonlinear, and stepwise) analyses for determining the individual and multiple relationships between 96-h LC50 and hardness, pH, alkalinity, DOC, and fish age were performed by Microsoft Excel 98 (Redmond, WA, USA) and SPSS, Ver 10.1 (SPSS, Chicago, IL, USA), respectively. Analysis of covariance (ANCOVA) was conducted on life stage (organism age) results controlling for DOC on effects of hardness, alkalinity, pH, and age (SAS, Cary, NC, USA). Data met assumption of normality, independence, and homogeneity of variance, and did not require transformation for analysis of slope and intercept. A p Յ 0.05 was considered significant. The biotic ligand model (BLM) [15] was used to predict 96-h LC50 values from measured water chemistry of the tests.
RESULTS AND DISCUSSION
Water quality and organism age affected the toxicity of Ni to fathead minnows ( Table 1 centrations but different time (seven months) were similar (p ϭ 0.393). This indicated that the response of fish did not change significantly over time. At similar pH (7.24) and alkalinity levels (20 mg/L), the 96-h LC50 for Ni was directly related to water hardness, between 21 and 150 mg/L ( Table 2 , text reference II). Toxicity to Ͻ1-d-old fish decreased 10-fold when hardness was increased 7-fold. This result was in agreement with the results of Meyer et al. [7] . Results of this study were 10-to 27-fold lower than 96-h LC50 values reported by the U.S. EPA [16] (4.6-9.8 mg Ni/L at hardness of 20 mg/L). However, our results were similar to the results of Pyle et al. [17] (0.45 mg Ni/L). Water quality and fish age used by Pyle et al. [17] were similar to those in our experiments. Results reported by the U.S. EPA [16] were obtained in similar water quality; however, the U.S. EPA did not report the age of the fish used in their experiments. Pyle et al. [17] also found that the 96-h LC50 was 0.50 and 2.27 mg Ni/L at hardness of 40 and 140 mg/L, respectively. However, based on the 96-h LC50-hardness relationship that we observed, we would have predicted the 96-h LC50 to be about 0.93 and 3.24 mg Ni/L at similar hardness levels, respectively. The 96-h LC50 value for Ni found in this research was 3.5 mg Ni/L at hardness of 150 mg/L (Table 1, test 6). A similar value was reported by Schubauer-Berigan et al. [5] (3.4 mg Ni/L) at higher hardness (300 mg/L). Examination of our data suggests a 96-h LC50 value closer to 7.0 mg Ni/L for 300 mg/L hardness. One reason for this discrepancy may have been the higher alkalinity used by Schubauer-Berigan et al. [5] (250 mg/L). Alkalinity in our hardness set was maintained at 20 mg/L. Toxicity of Ni to freshwater fish is influenced not only by hardness, but also by DOC, pH, alkalinity, and fish age. These parameters were not reported with the 96-h LC50 values of 4.6 to 9.8 mg Ni/L by the U.S. EPA [16] .
At low levels of hardness and alkalinity (20 mg/L each), pH between 6.5 and 8.2 did not affect Ni toxicity to Ͻ1-d-old fish ( Table 2 , text reference III). However, increasing pH increased 96-h LC50 values at hardness and alkalinity of 100 mg/L ( Table 2 , text reference III). These results agreed with the results of Schubauer-Berigan et al. [5] . In contrast, the Windermere humic aqueous model (WHAM) predicted that Ni would be less bioavailable as pH increased [10] . Pyle et al. [17] found that at a hardness of 50 mg/L and an alkalinity of 32 mg/L, Ni toxicity increased slightly between pH 5.5 and 7.0 (96-h LC50 values of 0.69 and 0.54 mg Ni/L, respectively) and decreased between pH 7.0 and 8.5 (96-h LC50 values of 0.54 and 2.21 mg Ni/L, respectively). However, results from our study at higher and lower levels of hardness and alkalinity did not support this observation. At pH Ͻ 6, the higher alkalinity level used by Pyle et al. [17] (32 mg/L) would have contributed to the increased toxicity (discussed below), which would have resulted in the lower reported 96-h LC50 values found by Pyle et al. [17] (0.54-0.69 mg Ni/L). Results of pH experiments suggested a protective effect of hardness (Table  2, text reference III) .
At a hardness of 20 mg/L, the 96-h LC50 decreased from 0.81 to 0.32 mg Ni/L as alkalinity increased from 3 to 27 mg/ L ( Table 2 , text reference IV). This relationship is particularly important for waters in the southeastern United States, many of which have alkalinity values between 20 and 40 mg/L and hardness Յ 20 mg/L. At a hardness of 100 mg/L, we found no effect of alkalinity on Ni toxicity to Ͻ1-d-old fish ( Table 2, text reference IV) . The Visual MINTEQ model (the developed model of MINTEQA2 and also WHAM) was used to predict Ni speciation from the water chemistry of each toxicity test (http:// amov.ce.kth.se/people/gustafjp/vminteq.htm). At low hardness levels, the shape of the plot of the 96-h LC50 as a function of NiCO 3 ( Fig. 1) was similar to the plot of the 96-h LC50 as a function of alkalinity (Fig. 1) , suggesting that NiCO 3 may be bioavailable. Results of alkalinity experiments indicated a protective effect of hardness to larval fathead minnows ( Table 2 , text reference IV).
Dissolved organic carbon significantly affected the toxicity of Ni to Ͻ1-d-old fish exposed to Ni in water with high alkalinity, hardness, and pH, and Ni toxicity to 28-d-old fish in all three environments tested ( Table 2 , text reference V). The 96-h LC50 value was about 4-fold and 12-fold greater for 28-d-old fish at low and high DOC in all three environments tested, respectively (Table 1 , tests 17, 25-54). When the six groups were considered in the multiway ANCOVA, DOC, ions, and age each significantly affected toxicity (Table 2 , text reference V). Two significant interactions also were observed (DOC and fish age, and ion and fish age; Table 2 , text reference V).
The effects of NOM and ions (particularly hardness) on the toxicity of metals have been well documented elsewhere. The age-dependent tolerance of fish to Ni may be due to differences in metabolic rate between larval and juvenile members of the same species. Larvae, with a much higher metabolic rate, generally would be expected to be more sensitive to stressors, especially because respiratory toxicity has been suggested as the mechanism of Ni toxicity [18] . A more important question related to the larval fish is why DOC did not affect Ni toxicity in two of the three environments tested. No explanation is obvious. Explanations based on differences between larvae and juveniles in metabolic rate, gill surface area, and mechanisms and points of respiration do not account for the differential effect of NOM on Ni toxicity in water of varying hardness and alkalinity.
Median lethal concentrations (tests 1-54) reported in Table  1 were used in stepwise regression analysis to determine interactive effects of hardness, pH, alkalinity, DOC, and fish age on Ni toxicity. The 96-h LC50 was a function of fish age, alkalinity, hardness, and DOC. The model was 96-h LC50 ϭ Ϫ0.642 ϩ 0.270(fish age) ϩ 0.005(alkalinity) ϩ 0.018(hardness) ϩ 0.138(DOC) and explained 94% of the variation (Table  3) . The units for 96-h LC50 were mg Ni/L, fish age was days, alkalinity and hardness were mg/L as CaCO 3 , and DOC was mg C/L. This model was used to predict 96-h LC50 values from fish age, alkalinity, hardness, and DOC (Fig. 2) . We found a strong relationship between the measured and predicted 96-h LC50 values (r 2 ϭ 0.936).
The BLM also was used to predict Ni toxicity from the water quality of test 1 to 54 in Table 1 (Fig. 3) . The predictions were 28% and 15% above and below the acceptable range of uncertainty (defined as twofold by BLM developers), respectively. Water of high and low alkalinity accounted for these cases, respectively. The BLM predicts Ni toxicity based on Ni bioavailability, using the assumption that only ionic Ni (Ni 2ϩ ) is toxic to fish. The WHAM was used to predict Ni speciation in the BLM. Based on the WHAM, ionic Ni significantly decreased and NiCO 3 appears to be the dominant species at pH Ͼ 8 [10] . Therefore, the BLM predicts that increasing alkalinity decreases Ni toxicity. However, our research showed that increasing alkalinity at alkalinity Ͻ 30 mg/L increased Ni toxicity ( Table 2 , text reference IV). This result might explain why the 96-h LC50 values predicted by the BLM were greater and less than the measured values for the high-and low-alkalinity cases, respectively.
Two toxicity tests (Table 1 , tests 55, 56) were conducted with Ͻ1-d-old fathead minnows to validate the regression model. Test 55 was conducted with site water (George Creek), and test 56 was conducted with laboratory water adjusted to match site water with respect to hardness, pH, and alkalinity. The predictions by the regression model for test 55 and 56 (96-h LC50 ϭ 0.310 and 0.100 mg Ni/L, respectively) were 6% and 64% less than the measured values (measured 96-h LC50 ϭ 0.331 and 0.274 mg Ni/L, respectively). In other words, the regression model overpredicted the toxicity. However, the BLM underpredicted the toxicity response. The BLM predicted 67% and 28% greater than the measured values for test 55 and 56, respectively (BLM predicted 96-h LC50 ϭ 0.554 and 0.351 mg Ni/L, respectively). The regression model included DOC as a factor. However, test 56 was conducted in laboratory water with no added NOM. This would explain why the regression model did not predict Ni toxicity well for test 56. The effect of alkalinity at low alkalinity levels (Ni toxicity increased when alkalinity increased) would explain the higher 96-h LC50 values predicted by the BLM, compared to the measured values.
We conclude that Ni toxicity to fathead minnows was influenced by fish age, NOM, and water-quality characteristics such as hardness, alkalinity, and pH. Fish age was the strongest factor influencing Ni toxicity; young fish were much more sensitive than older fish. These results can be used to refine predictive models, such as the BLM, to more accurately predict site-specific water-quality criteria. However, given the common practice of using larval fathead minnow toxicity tests to characterize metal toxicity, attention must be given to the difference reported here between larval and juvenile responses to Ni in the presence of NOM.
